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BANDPASS DELTA-SIGMA ANALOG-TO-DIGITAL CONVERTERS 



BACKGROUND 

Field of the Invention: 

This invention relates generally to analog-to-digital converters and, more 
specifically, to apparatus and methods using delta-sigma analog-to-digital converters. 
Description of the Related Art: 

Recently, the telecommunications community has considered data receivers in 
which analog-to-digital (AD) conversion happens very close to the receiving antenna. 
Performing AD conversion close to the receiving antenna significantly reduces the 
amount of signal processing, e.g., filtering and demodulation, performed in the analog 
domain. Instead, when AD conversion occurs near the receiving antenna, signal 
processing is performed on the digital signals produced by AD conversion. The 
displacement of signal processing to the digital domain is desirable, because digital 
devices typically have lower temperature sensitivities, more linear behavior, and higher 
component tolerances than their analog counterparts. 

One type of AD converter is known as a delta-sigma AD converter (A-S ADC). 
Referring to Figure 1, an exemplary A-E ADC 2 includes a clocked quantizer 4, a loop 
filter 5, and a feedback loop 6 with a digital-analog (DA) converter 7. The quantizer 4 
performs a sampling operation that produces the analog-to-digital conversion. The 
feedback loop 6 produces analog signals with values responsive to the values of the 
digital output signals from the quantizer 4 and feeds the analog signals back. The fed 
back analog signals are sequentially combined with an analog input signal to form the 
analog signal that the loop filter 5 will process. For example, an adder 8 may add the fed 
back analog signals to analog input signals, and/or one or more intermediate taps 9 into 
the loop filter 5 may combine the fed back analog signals with analog signals generated 
in the loop filter 5. 

By feeding back signals responsive to the digital output signals, A-E ADCs reduce 
the contribution of quantization noise to selected frequency components of the digital 
output signal. For the selected frequency components, signal-to-noise ratios (SNR) are 
typically higher in A-2 ADCs having higher oversampling ratios (OSRs) than in A-Z 
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ADCs having lower OSRs. Herein, the OSR is defined as the ratio of an AD converter's 
sampling frequency to the data bandwidth of the analog input signal being digitalized by 
the AD converter. In the selected frequency band, the value of the SNR is also typically 
higher in A-Z ADCs with high-order loop filters than in A-Z ADCs with low-order loop 
5 filters. Unfortunately, high-order loop filters also can cause unacceptable instabilities 
into the operation of a A-Z ADC. 

Some conventional A-Z ADCs use fourth-order loop filters and quantizers with 
high sampling frequencies, e.g., sampling frequencies that are four times the center 
carrier frequency of the analog input signal. 

10 SUMMARY 

High sampling frequencies are undesirable when carrier waves have high center 
carrier frequencies. In particular, integrated circuit structures for implementing high 
sampling frequencies are either complex or unavailable at high center carrier frequencies. 
Various embodiments of A-Z ADCs may not need high sampling rates for 

15 efficient operation. The new A-Z ADCs sample an analog input signal at a frequency 
close to the signal's central carrier frequency. Even though such a sampling frequency 
does not produce a very high OSR, the new A-Z ADCs may still generate high output 
SNRs and have stable operation. Due to the lower sampling frequencies, the new A-Z 
ADCs may be simple, dissipate less power, and have low jitter requirements. 

20 In one aspect, the invention features an apparatus that includes a delta-sigma 

analog-to-digital converter for converting an analog input signal. The A-Z ADC includes 
an analog band-pass loop filter configured to filter an analog signal derived from the 
analog input signal and a quantizer configured to produce a series of digital signals by 
sampling the filtered analog signal from the loop filter at a sampling frequency. The loop 

25 filter has a center band-pass frequency. The series of digital signals has a data-carrying 
frequency spectrum that is a mirror image of a data-carrying frequency spectrum of the 
analog input signal. The data-carrying frequency spectrum of the series of digital signals 
is located between the center band-pass frequency and zero. 
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In another aspect, the invention features a method for operating a A-Z ADC. The 
method includes transmitting an analog input signal having a data-carrying band to the A- 
Z ADC to convert the analog input signal into a series of digital signals having a data- 
carrying band. The series of digital signals has a data-carrying frequency spectrum that is 
5 a mirror image of a data-carrying frequency spectrum of the analog input signal. The 
data-carrying frequency spectrum of the series is located between the center band-pass 
frequency and zero. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 is a block diagram for a conventional delta-sigma analog-to-digital 
1 0 converter (A-Z ADC); 

Figure 2 is a block diagram for one embodiment of a receiver having a A-Z ADC; 
Figure 3 is a flow chart for a method of operating the A-Z ADC of Figure 2; 
Figure 4 illustrates the relation between the data-carrying band of an analog input 
signal input to the A-Z ADC of Figure 2 and a mirror image band of intermediate digital 
1 5 signals output by the A-Z ADC; 

Figure 5 is a block diagram of a linearized circuit useful for analyzing the stability 
of exemplary A-Z ADCs; and 

Figures 6 A - 6B show calculated largest radii of noise transfer function poles and 
output signal-to-noise ratios (SNRs), respectively, for various A-Z ADCs. 
20 Herein, like reference numbers indicate features with similar functions. 

DETAILED DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS 

Below, various embodiments are described with reference to accompanying 
figures and description. Nevertheless, the invention may be embodied in other forms and 
is not limited to the embodiments described below. 
25 Referring to Figure 2, an embodiment of a data receiver includes an antenna 10, 

an analog circuit 1 1 and a digital circuit 12. The receiver's antenna 10 converts a 
captured modulated carrier wave into an analog input signal at input port 14 of the analog 
circuit 11. The analog circuit 1 1 performs an analog-to-digital conversion of the analog 
input signal to produce a series of regularly spaced intermediate digital signals at output 
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port 15. The digital circuit 12 performs primary data processing on the series of 
intermediate digital signals, i.e., in the digital domain. Exemplary primary data 
processing usually includes producing a data-carrying, base band signal with low 
quantization noise. The digital circuit 12 outputs a stream of digital base band data at 
5 output port 13. 

To produce the base band signal, digital circuit 12 includes a digital demodulator 
17 coupled to receive the intermediate digital signals. Herein, a digital demodulator 
passes a selected frequency band of a received series of digital signals, e.g., a low-noise 
base-band signal. One example of a digital demodulator is a digital decimator and a low- 

10 pass filter coupled to an output of the digital decimator. The digital decimator has a 

sampling rate that produces a base-band replica of the series of received digital signals, 
and the low-pass filter selectively passes the base-band replica. Another example of a 
digital demodulator is digital down mixer that mixes the series of received digital signal 
with a digital mixing signal whose frequency is appropriate to frequency downshift to a 

1 5 base-band data-carrying signal. 

The analog circuitry 1 1 includes clock drive 18 and a delta-sigma analog- to- 
digital converter (A-E ADC). The clock drive 18 synchronizes subsystems of the A-2 
ADC and the digital circuit 12. The A-S ADC converts the analog input signal into the 
series of intermediate digital signals produced at output port 15. The A-£ ADC performs 

20 this analog- to-digital (AD) conversion close to the receiver's antenna 10 to facilitate 
primary data processing in the digital domain. 

The A-E ADC produces the intermediate digital signals by filtering and sampling 
the analog input signal at a constant sampling frequency, f s . The magnitude of f s is 
relatively low compared to sampling frequencies of some conventional A-S ADCs. 

25 Preferably, for a fourth-order analog band-pass loop filter 20, f s is equal to (4/3)f c ± 10% 
where f c is the center carrier frequency of the modulated carrier wave received at input 
port 14. More preferably, f s = (4/3)f c ± 1%. Exemplarily, f c is also equal to f bp where f bp 
the center band-pass frequency of the analog band-pass filter 20. 

The analog A-L ADC includes analog band-pass loop filter 20, quantizer 22, 

30 active feedback loop 24, and adder 26. The analog loop filter 20 band pass filters an 
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analog signal prior to its receipt at the quantizer 22. The quantizer 22 generates a series 
of intermediate digital signals by sampling the analog signal from the loop filter 20 at the 
sampling frequency, f s . The intermediate digital signals are sent both to output port 15 
and to an input of the active feedback loop 24. The active feedback loop 24 converts 
received intermediate digital signals into corresponding analog signals in one or more 
feedback streams. The adder 26 sequentially combines the analog signals of one of the 
feedback streams with an analog input signal received from antenna 10 at input port 14. 
The adder may combine the analog input and analog feedback signals with a relative 
phase shift, e.g., a phase shift of 180° so that the adder 26 functions as a subtractor. The 
analog signals of any other feedback streams are sequentially transmitted to intermediate 
taps Ti - T N into the loop filter 20. 

The loop filter 20 is a band pass resonator having a center band-pass frequency, 
f bp , wherein f bp « f c . The loop filter 20 is, at least, of order two and preferably is of order 
three, four, or higher. Some exemplary loop filters 20 are constructed of cascaded 
second-order, band-pass resonators that pass signals with the center carrier frequency f c . 
The loop filter 20 has a band pass whose width is about equal to the width of data- 
carrying band of the modulated carrier wave received at port 14. 

The active feedback loop 24 includes a digital-to-analog (DA) converter 28 that 
converts individual intermediate digital signals from quantizer 22 into analog signals. 
The DA converter 28 produces one or more feedback streams of the analog signals. The 
individual analog signals of each feedback stream correspond the intermediate digital 
signals from the quantizer 22. Thus, in each feedback stream, the transmission rates of 
the analog signals are equal to the sampling rate of the quantizer 22. In each feedback 
stream, individual analog signals have amplitudes equal to the associated feedback 
stream's gain times the amplitudes of the corresponding intermediate digital signals from 
the quantizer 22. The DA converter 28 transmits the analog signals of one feedback 
stream to adder 26 and transmits the analog signals of any additional feedback streams to 
intermediate taps, Ti - T N , into the loop filter 20. 

Notably, the series of digital signals at port 15 has the data-carrying frequency 
spectrum of a mirror image of the analog input signal received at input port 14. Herein, a 
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signal with a mirror-image spectrum is such that its low frequency channels for carrying 
data correspond to the high frequency channels for carrying data in the original signal, 
e.g., power spectra are relatively reversed about the centers of the bands associated with 
an original signal and any of its mirror image. The data-carrying frequency spectrum of 
5 the series of digital signals at port 15 is also located between the center band-pass 
frequency of the loop filter 20 and zero. 

Figure 3 illustrates an exemplary method 40 for operating a A-E ADC, e.g., the A- 
E ADC of Figure 2. The method 40 includes producing an analog signal by sequentially 
adding analog signals from a feedback stream to an analog input signal, e.g., adding the 

10 signals in adder 26 of Figure 2 (step 42). The adding step produces a feedback-modified 
version of the analog input signal to be DA converted. The method 40 includes 
transmitting the feedback-modified analog signal to an analog loop filter, e.g., analog 
band pass loop filter 20 of Figure 2 (step 44). The analog loop filter is a band pass filter 
that passes frequencies in the analog loop filter's band pass. The analog loop filter may 

15 have a center band-pass frequency, f bp , defined by: f bp « f c where f c is a center carrier 
frequency of the analog input signal. The analog loop filter's band pass may also be 
about equal to the data-carrying band for the analog input signal to be DA converted. 
The method 40 includes sampling a filtered analog signal produced by the analog band- 
pass loop filter in response to the act of transmitting to produce a series of digital output 

20 signals (step 46). The sampling may, e.g., be performed by quantizer 22 of Figure 2. At 
the sampling frequency, f s , the sampling step produces additional digital output signals. 
The series of digital signals has a data-carrying frequency spectrum that is a mirror image 
of the data-carrying frequency spectrum of the original analog input signal. The data- 
carrying frequency spectrum of the series is located between the center band-pass 

25 frequency of the loop filter and zero. 

The method 40 also includes filtering the digital output signals with a digital 
demodulator, e.g., digital demodulator 17 of Figure 2 (step 48). The digital demodulator 
filters the digital output signals to remove frequencies higher than a lower edge of the 
loop filter's band pass. 
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Exemplary embodiments of the method 40 also include sequentially performing 
digital-to-analog conversions of the digital output signal, e.g., in DA converter 28 of 
Figure 2, to produce, at the sampling frequency, additional analog signals on one or more 
parallel feedback streams (step 49). The analog signals of each feedback stream 
5 correspond to the digital output signals produced by the sampling. The temporal widths 
of the analog signals of each feedback stream are shorter than the inverse of the sampling 
frequency. Exemplary duty cycles of these analog signals are 0.5 or less and preferably, 
are 1/3 or less or l A or less. Herein, the duty cycle of signals in a stream of regularly 
spaced signals refers to a fraction that is defined by a ratio. The ratio is the time interval 

10 during which a signal's amplitude is greater than 54 times the signal's maximum 
amplitude divided by the full temporal period of one signal. As described below, 
shortening the duty cycles of fed back analog signals can increase the stability of an A-E 
ADC with higher-order analog band-pass loop filters. 

Referring to Figure 4, the A-E ADC of Figures 2 and 3 rejects quantization noise 

15 for a selected narrow band of the frequency components of the intermediate digital 
signals. In the selected band, the intermediate digital signals produce a signal power 
profile that is a mirror image of the signal power profile in the data-carrying band of the 
modulated carrier received by antenna 10. To distribute analog input signal power in the 
mirror image band, adder 26 sequentially adds to or subtracts from the analog input 

20 signal, i.e., a signal with center carrier frequency f c , analog signals from a feedback 
stream of the active feedback loop 24, i.e., signals having a frequency, f s . Due to this 
addition or subtraction, the center frequency, f c . m i, of the mirror image band is equal to 
the sampling frequency minus the center carrier frequency, i.e., f c . mi = f s - f c . 

In the receiver of Figure 2, the mirror image band is the data-carrying band for the 

25 intermediate digital signals. The mirror image band can have a relatively low center 
frequency, because f c . m i = f s — f c . For this reason, the data-carrying band of the 
intermediate digital signals can include low frequencies even when f c is a high frequency. 
Such low data-carrying frequencies enable standard integrated-circuit (IC) structures to 
be used for components of the digital demodulator 17, e.g., a digital down mixer and low 

30 pass filter or a decimator and a low-pass filter. In particular, a downshift the data to the 
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base band would only require the low mixing frequency of f s - f c as illustrated in Figure 
2. IC technologies are less available for digital signal processing circuits in conventional 
receivers where high frequencies, e.g., 4f c , rather than the low frequencies of a mirror- 
image band are the data-carrying band of the intermediate digital signals. The lower 
5 frequencies of the mirror image band should also reduce power consumption and jitter 
requirements of the embodiments that use this band to carry the data of the intermediate 
digital signals. 

Referring to Figure 2, silicon-germanium (SiGe) BiCMOS is a potentially suitable 
technology for exemplary A-Z ADCs that AD convert analog input signals with a f c of 

10 about 2.0 GHz and a data bandwidth of about 20 mega-Hz (MHz). The exemplary A-Z 
ADCs could include 4-bit quantizers 22 with fully differential flash-type architectures 
based on differential resistive ladders and cascades of master-slave comparators. Such 4- 
bit quantizers 22 could, e.g., have an f s of about 2.8 GHz so that the mirror image band is 
in the range of about 1 .9 - 2.1 GHz ± 20 MHz. The exemplary A-Z ADCs could be fully 

15 differential, fourth-order analog band-pass loop filters 20 that are constructed by 

cascading identical, second-order, band pass resonators. Each second-order resonator 
could, e.g., have a Gm - OpAmp - C biquad structure and a center band pass frequency 
of about 2.1 GHz. The A-Z ADCs can include DA converters 28 with pulse shaping logic 
and calibration loops. The pulse shaping logic would function as a 4-bit, differential, 

20 high-speed multiplexer /And-gate synchronized by clock drive 18. Such pulse shaping 
logic could lower the duty cycle of the intermediate digital pulses from the quantizer 22 
thereby reducing sensitivity of the active feedback loop's DA converter 28 to clock jitter. 
The calibration loop could adjust static nonlinearities of current switches in the DA 
converters 28, and thus, achieve static resolutions equal to those of the overall A-Z ADC. 

25 The A-Z ADCs of Figure 2 would be expected to have lower OSR values than 

conventional A-Z ADCs that sample at higher frequencies. Lower OSR values typically 
mean less effective suppression of quantization noise. Some of the A-Z ADCs of Figure 
2 partially compensate this undesirable effect of the lower sampling rate by exploiting a 
multi-bit quantizer 22 and/or a higher-order analog band-pass loop filter 20. Higher- 

30 order loop filters better suppress quantization noise than lower-order loop filters. 
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Unfortunately, loop filters having orders that are greater than two can have operating 
instabilities in A-Z ADCs. The danger of such instabilities has somewhat moderated the 
use of such higher-order loop filters in A-E ADCs. 

Exemplary embodiments of the A-2 ADC of Figure 2 have a higher-order band- 
5 pass loop filter 20, but do not suffer from operating instabilities. The undesirable 

operating stabilities are avoided by selecting a special form for the DA converter 28 in 
active feedback loop 24. In particular, the DA converters 28 could produce return-to- 
zero (RZ) analog feedback pulses with duty cycles of less than 1.0. Exemplary DA 
converters 28 produce RZ analog feedback pulses with duty cycles of 0.5 or less, and 

10 preferably with duty cycles of 1/3 or less or of l A or less. For analog feedback pulses 

with short duty cycles, a fourth-order band-pass loop filter 20 does not necessarily cause 
an operating instability. 

Referring to Figure 5, a linearized model 35 was used to analyze various A-Z 
ADCs for operating instabilities. The linearized model 35 replaces the quantizer 20 of 

1 5 the original A-S ADC with a hardware device 22' that cascades a switch 36 with an adder 
38. The switch 36 samples an analog signal V from the analog band-pass loop filter 20 
to produce a series of equally spaced digital signals V*. Herein, digital signals are 
indicated in by an "*", and analog signals do not have "*'"s. The adder 38 generates 
output digital signals, Y*, that correspond, e.g., to the intermediate digital signals of the 

20 A-E ADC of Figure 2 by adding quantization error, E*, into the digital signals, V*, from 
the switch 36. The operation of hardware device 22' ensures that the output digital 
signal, Y*, of the linearized model 35 depends linearly on quantization error, E. 

The inventors used linearized model 35 to analyze operating instabilities of A-Z 
ADCs having fourth-order analog band-pass loop filters 20 formed of a pair of identical, 

25 second-order, band pass resonators, Hi and H 2 . The band pass resonator Hi receives an 
analog signal given by a difference between the corresponding A-S ADC's analog input 
signal, X, and analog signals, Ki Y, of a first feedback stream produced by DA converter 
28. The second resonator H 2 receives an analog signal given by a difference between an 
output analog signal from the first resonator Hi and analog signals, K 2 Y, of a second 
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feedback stream produced by the DA converter 28. Here, Ki and K 2 are the gains of the 
first and second feedback streams produced by the DA converter 28. 

Each linearized model 35 has an associated Noise Transfer Function (NTF). The 
poles of the NTF characterize whether the corresponding A-Z ADC has an operating 
5 instability. If all poles of the NTF have radii smaller than one, the corresponding A-Z 
ADC do not have operating instabilities. 

Through numerical studies of various forms of linearized model 35, the inventors 
discovered that the radii for NTF poles are strongly dependent on the form of the analog 
signals of the one or more feedback streams. The inventors realized that designing A-E 

10 ADCs to produce analog feedback signals having less than full duty cycles enabled the 
avoidance of the types of operating instabilities associated with higher-order loop filters. 

To illustrate these conclusions, Figure 6A shows calculated largest radii for NTF 
poles in linearized models 35 that correspond to several different A-E ADCs. Each A-E 
ADC has a sampling frequency of 2.8 GHz and processes a modulated carrier wave in 

15 which data is carried in a band between 1.9 GHz and 2.1 GHz. In each A-S ADC, the DA 
converter 28 provided two feedback streams with equal gains, i.e., Ki = K 2 . 

In Figure 6A, graphs 50, 52, 54, 56 show how maximal radii for NTF poles vary 
with the gain, Ki, of DA converter 28. Graphs 50 and 52 correspond respectively to NRZ 
type analog feedback signals and to RZ type analog feedback pulses having a duty cycle 

20 of 0.5. For both NRZ analog feedback signals and RZ analog feedback pulses with a 

duty cycle of 0.5, all values of Ki produce an NTF pole whose radius is greater than one. 
Thus, A-E ADCs that use these types of analog feedback signals may have operating 
instabilities. Graphs 54 and 56 correspond to RZ type analog feedback pulses with duty 
cycles of 1/3 and 1/4, respectively. For each of these types of analog feedback pulses, 

25 there is always a range of the gain Ki in which all NTF poles have radii smaller than one. 
Ki values in the approximate range [1.5, 4.1] produce no NTF poles with radii greater 
than one for RZ analog feedback pulses with duty cycles of 1/3. Similarly, Ki values in 
the range (0, 4.8] produce no NTF poles with radii greater than one for RZ analog 
feedback pulses with duty cycles of 1/4. 

30 The results of Figure 6 A illustrate that instabilities associated with higher-order 



Koc3-l 11 

analog band-pass loop filters can sometimes be avoided by reducing the duty cycles of 
analog feedback signals to values smaller that the inverse of the sampling frequency. For 
the exemplary A-Z ADCs simulated, RZ analog feedback pulses with duty cycles of 1/3 
or less produce regions of stable operation even though the A-E ADCs have fourth-order 
5 analog band-pass loop filters 20. 

In an embodiment of a A-Z ADC, it is also desirable to have a high output SNR. 
For a A-S ADC, the output SNR is given by: 

SNR=10-log( output signal power 

in-band output noise power 

* 10 - log(3) + 20 - N ■ log(2) - 10 • log( Hinband ) 

^s 

Here, N is the number of bits of the quantizer, f s is the sampling frequency, and H in . band is 
10 given by: 

H in . band = | \NTF(f)\ 2 df 

bandwidth 

NTF(f) depends on the frequency and the feedback stream gains Ki and K2. The Ki and 
K2 dependences cause the SNR to vary with the gain of the active feedback loop 24. 
In Figure 6B, graphs 51, 53, 55, and 57 illustrate how output SNR varies with 

15 stream gain Ki for the exemplary A-Z ADCs already described with respect to Figure 6B. 
Graphs 51, 53, 55, and 57 show output SNRs for A-S ADCs in which the DA converter 
28 produces analog feedback pulse of the NRZ form, the 1/2 duty cycle RZ form, the 1/3 
duty cycle RZ form, and the 1/4 duty cycle RZ form, respectively. Graphs 55 and 57 
show that RZ analog feedback pulses with duty cycles of 1/3 and 1/4 will produce output 

20 SNRs greater than 80 dB for ranges of Ki that do not cause operating instabilities. In 

preferred embodiments of the A-S ADCs of Figure 2, the values of Ki and K 2 are selected 
to both ensure operating stability, i.e., absence of NTF poles with radii larger than one, 
and high values of the output SNR. 

Other embodiments of the invention will be apparent to those of skill in the art in 

25 light of the specification, drawings, and claims of this application. 



